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Ab Initio Calculations on the Isomerization of 
the 1,5=Hexadiyne Radical Cation 
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Ab initio calculations at the MRCI//ROHF/6-31G ** level suggest that the 1,5-hexadiyne 
radical cation is not stable and isomerizes to the 1,2,4,5-hexatetraene radical cation without a 
barrier. After this rearrangement, the Internal energy of the ions will be sufficient for a 
subsequent isomerization to the benzene structure. At energies of about 1 eV above the 
vertical ionization energy, the 1,5-hexadiyne radical cation may dissociate to linear neutral 
and ionic C,H, fragments. These results are in excellent agreement with previous experi- 
ments. (J Am Sot Mass Spectrom 1997, 8, 599-604) 0 1997 American Society for Mass 
Spectrometry 
he mass spectra of C,H, radical cations formed T from different neutral precursors have been the subject of a very large number of publications 
(see 111 and references cited therein). One of the more 
interesting precursors is 1,5-hexadiyne. Its molecular 
ion has a heat of formation above the dissociation limit 
for formation of C,H, fragment ions. Stable C,H, 
radical cations, which have the benzene structure, can 
nevertheless be formed by charge exchange ionization 
at energies some 0.8 eV above the dissociation limit [2]. 
The reason is a competition between stabilization by 
infrared emission and a slow dissociation after isomer- 
ization to the benzene structure. In addition, time- 
dependent photoionization experiments [31 have shown 
that the barrier for isomerization of the 1,5-hexadiyne 
radical cation to the benzene structure is at most a few 
kilocalories per mole. The semiempirical calculations 
in ref 4 indicate that this result may be explained by a 
low-energy isomerization to the 1,2,4,5hexatetraene 
structure and a subsequent rearrangement to the ben- 
zene structure. In the present work the isomerization 
of the 1,5-hexadiyne radical cation to the 1,2,4,5-hexa- 
tetraene structure is studied by ab initio calculations. 
Methods 
Ab initio calculations that used the 6-31G** basis set 
were performed with both the GAMESSUK [5] and 
the Gaussian 94 [6] program packages. In previous 
calculations on the isomerization of C,H, radical 
cations [7] it was found that at crucial points on the 
potential energy surface an unrestricted Hartree-Fock 
calculation may produce unacceptable values as high 
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as 1.0 for the spin angular momentum (S’). This was 
also found in the present work, for example, for ion 
geometries close to T2 (Scheme I). Stable ion structures 
and transition states were therefore optimized at the 
restricted open-shell Hartree-Fock (ROHF) level. Tran- 
sition states were tested by a calculation of the vibra- 
tional frequencies and by a visualization of the vibra- 
tion corresponding to the single negative force con- 
stant by use of VIEWAM 181. For the optimized struc- 
tures, multireference configuration interaction (MRCI) 
calculations with single and double excitations were 
done with the Table CI ([ 91 and references cited therein) 
option of GAMESS-UK. In these calculations excita- 
tions Involving the lowest 10 occupied and the highest 
40 virtual molecular orbitals were not included (these 
latter orbitals have an orbital energy higher than 2 
hartree). All configurations that had a coefficient 
squared higher than 0.0025 in the final ground state 
wave function or higher than 0.0030 in the wave func- 
tion for the second root (of the same symmetry) were 
used as reference configurations. The extrapolation 
threshold used in Table CI was set at 7.5 phartree, the 
lowest value compatible with the maximum number of 
30,000 configurations in the final diagonalization. In 
the Table CI method, the contribution of the remaining 
configurations is calculated by perturbation theory. 
The MRCI values given in Table 1 include a general- 
ized Davidson size-consistency correction [ 101. 
One of the well-known problems in ab initio calcu- 
lations on open-shell systems is the possibility of arti- 
ficial symmetry breaking [ll-131. In the present case, 
this appeared to have a very large effect on calcula- 
tions on both structures 1 and 2. A ROHF optimization 
of the 15-hexadiyne radical cation 1 without symme- 
try produced a strongly asymmetric geometry which, 
at the ROHF level, has a substantially lower energy 
than the geometry obtained by an optimization in C2 
symmetry. After the additional MRCI calculation, 
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Scheme 1 
however, the latter symmetric geometry appeared to 
be the one of lowest energy. Except where noted, all 
calculations were, therefore, performed on symmetric 
CC, or CT,,> ion structures. 
Results and Discussion 
The semiempirical calculations described in ref 4 sug- 
gest that an isomerization of the 1,5-hexadiyne radical 
cation 1 to the 1,2,4,5-hexatetraene structure 3 may 
proceed via either the intermediate cyclic sttucture 2 
or by a breaking of the central bond followed by a 
recombination of the C,H, units @theme 1). Accord- 
ing to these calculations, the two processes should 
have comparable activation barriers. As will be shown 
in the following text, the present ab initio calculations 
give a somewhat different picture. 
The energies and geometries of the 1,5-hexadiyne 
radical cation after vertical ionization (1 in Figure 1) 
and after an optimization in symmetry A (la) and B 
(lb) in C, are given in Table 1 and Figure 1. In 
geometry la the central bond is very long (Figure 1). 
This suggests that la may be rather unstable with 
respect to dissociation into C,H, fragments and re- 
combination of the fragments to the 1,2,4,5-hexa- 
tetraene structure. Structure lb (Figure 1) differs from 
structure 1 by a much smaller Cs-Cr-C,-C, dihedral 
angle and bend CH,-C-CH units. This structure thus 
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Figure 1. Projection of the geometries of the neutral 1,5- 
hexadiene molecule 1 and of the radical cation after optimization 
in A and B symmetry (la and lb, respectively) in C,. The 
C,-Cl-C,-C, dihedral angles are 66.3, 72.6, 27.5, and 3.0” for 
structures 1, la, lb, and T,, respectively. 
seems to be very suitable for a ring closure to structure 
2 and for a further isomerization to the 1,2,4,5-hexa- 
tetraene structure. 
As shown in Figure 1, structure 2, optimized in C,, 
symmetry, has a very long C,C, bond. This result 
suggests that this cyclic ion structure is very unstable 
and is probably not more than a local minimum in the 
reaction path from the 1,5-hexadiyne radical cation to 
the 1,2,4,5-hexatetraene structure. This implies that 
transition state T; is of no practical importance. 
J Am Sot Mass Spectrom 1997,8,599-604 ISOMERIZATION OF 1,5-HEXADIYNE RADICAL CATIONS 
Table 1. SCF, MRCI, and ZPE (zero-point energy) values in hartree for the different ion structures 
bee Figure 1) 
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Symmetry SCF MRCI ZPE 
1,5-hexadiyne 
Vertical 1 A - 230.226316 - 230.679675 
B - 230.224010 - 230.673504 
Optimized 
A symmetry la 
B symmetry 1 b 
Transition state T, 
Structure 2 
1,2,4,5-Hexatetraene 
Structure 3 
trans 
cis 
Structure 3b 
Structure 3c 
Transition state T2 
A2 
B2 
AI 
4 
A2 
B2 
AI 
A2 
A, 
A2 
- 230.204704 
C,H;+ C,H,’ -230.198751 
A 
B 
A 
B 
A 
B 
82 
A2 
- 230.232893 
- 230.248927 
- 230.235174 
- 230.240901 
- 230.176539 
- 230.319024 
- 230.316332 
- 230.273078 
- 230.251529 
- 230.241086 
- 230.691424 
- 230.677214 
- 230.671497 
- 230.697233 
- 230.658397 
- 230.704467 
- 230.715075 
- 230.685240 
- 230.766629 
- 230.764173 
- 230.689210 
- 230.686634 
- 230.651454 
- 230.732920 
- 230.712429 
- 230.712594 
- 230.738429 
- 230.666950 
- 230.608230 
- 230.632137 
0.099841 
0.102666 
0.102152 
0.101871 
0.098167 
0.098621 
0.099286 
0.100238 
0.091287 
0.090145 
‘The C1 -C, distance is 15.0 A. 
In the following section, the isomerization of struc- 
ture lb will be discussed in more detail. In the subse- 
quent section, the reaction paths starting with struc- 
ture la will be considered. 
The Reaction Path from the QXlexadiyne Radical 
Cation to Structure 2 and porn 2 to the 1,2,4,5- 
Hexatetraene Structure 
Upon increase of the C,C, distance in structure lb and 
optimization of the other geometrical parameters, the 
Cd-C6 distance and the C,-C,-C,-C, $ihedral angle 
decrease. At a C,-C, distance of 1.875 A a calculation 
of the force constant showed one negative force con- 
stant. A visualization of the corresponding vibration 
by use of VIBRAM [8] showed that this vibration 
agreed with the expected reaction coordinate for a ring 
closure to structure 2. A subsequent transition state 
optimization produced geometry T, (Figure 1) for 
which again one of the force constants is negative, 
while the corresponding vibration is as expected. From 
the resulting energy values (Table 11, the barrier height 
is calculated to be 0.013753 hartree = 8.6 kcal mol-’ at 
the ROHF level and - 0.007234 hartree = -4.5 kcal 
mol-* after the MRCI calculation. This latter result 
strongly suggests that the l$-hexadiyne radical cation 
is in fact unstable with respect to an isomerization to 
the 1,2,4,5-hexatetraene structure. It is, furthermore, 
interesting to note that, at the ROHF level, the energy 
of the transition state is already below the energy of 
the l$-hexadiyne radical cation after vertical ioniza- 
tion (Table 1). 
As a further test of the reaction path at the ROHF 
level, intrinsic reaction coordinate calculations, by us- 
ing Gaussian 94, were done starting with structure T,. 
These calculations showed a clear connection between 
the l$hexadiyne structure and the cyclic structure 2 
where the calculation stopped with the message that a 
stable structure was reached. As previously remarked, 
this structure is such that it probably cannot be more 
than a local minimum in the reaction path. For this 
reason a number of additional geometry optirnizations 
were performed for slightly increased fixed values of 
the C,-C, distance. The results are summarized in 
Table 2. These show that, indeed, structure 2 is only a 
local minimum in a very flat region of the potential 
energy surface leading to the 1,2,4,5-hexatetraene radi- 
cal cation. The well depth of this minimum is calcu- 
lated to be at most on the order of 0.1 kcal mol-’ at th,e 
ROHF level. The energy value at a distance of 3.008 A 
in Ttble 2 was obtained by optimizing the structure at 
2.0 A (in C,, symmetry). The corresponding structure 
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Table 2 The change of the ROHF energy in hartree as a 
function of the C,-C, bond length (angstroms) in structure 
2 and the energy differences in kilocalories per mole” 
Bond length Energy AE 
1.807 - 230.240902 0.0 
1.82 - 230.240897 0.003 
1.83 - 230.240889 0.008 
1.85 - 230.240867 0.02 
1.90 - 230.240823 0.05 
1.95 - 230.240869 0.02 
2.0 - 230.241060 -0.10 
3.008 - 230.251529 -6.7 
‘The value ar 3.008 a wee obtained from a complete geometry 
optimization of the geometry at 2.0 A. This optimization produced 
structure 3b. 
(3b in Figure 1) is identical to the structure obtained 
by an optimization of the excited cis-1,2,4,5-hexa- 
tetraene radical cation in B symmetry in C, or B, in 
C,,. At the ROHF level, the energy of the B, state of 
3b is 6.7 kcal mol-’ lower than the energy of structure 
2 (Table 2). After the MRCI calculation, however, the 
energy difference is 1.7 kcal mol-’ in favor of struc- 
ture 2. MRCI calculations on the corresponding A 
state in C, (A, in C,,) show that 3b is still the 
geometry of an excited state. The final results in C,/C,, 
symmetry at the MRCI level lead to the energy dia- 
gram shown in Figure 2a (solid lines) where the final 
product ion 3 is reached by a curve crossing between 
structures 2 and 3b. 
It should be noted that geometry 3b is only a 
minimum in C, or C,, symmetry. A calculation of the 
force constants produced one negative force constant. 
This means that the B, state of 3b has the character of 
a transition state. The vibration corresponding with the 
negative force constant has B, symmetry and lowers 
the symmetry to C, with the symmetry plane perpen- 
dicular to the molecular plane. In this symmetry the 
original A, and B, states have equal symmetries, 
which means that a further optimization of the B, 
state of 3b in C, symmetry should go to the ground 
state of the 1,2,4,5-hexatetraene radical cation. In the 
same way, an optimization of the structure at a C1-C, 
distance of 2.0 A in Table 2 in C, symmetry does not 
go to the B, state of 3b but to the A, ground state of 
the 1,2,4,5-hexatetraene radical cation 3. The curve 
crossing in Figure 2a thus is avoided by a lowering of 
the symmetry to C,. This is illustrated by the dashed 
lines in Figure 2a. 
The conclusion that the 1,Shexadiyne radical cation 
is not stable was further tested by a geometry opti- 
mization in C2 symmetry of the 1,5-hexadiyne radical 
cation at the quadratic configuration interaction in- 
cluding single and double excitations (QCISD)/UHF 
level by using Gaussian 94. To save computer time, the 
basis set in this calculation was 6-31G instead of 6- 
31G**. After about 10 optimization cycles the calcula- 
tion had changed the 1,5-hexadiyne structure into a 
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Figure 2 (a) Energy diagram for the isomerization of the 1,5- 
hexadiyne radical cation (B symmetry) to the cyclic structure 2 
and from 2 to the cis-1,2,4,5-hexatetraene structure. The relative 
energies (kilocalories per mole) in this diagram are based on the 
MRCI results without cone&on for the zero-point energy. (b) 
Energy diagram for the isomerization of the 15-hexadiyne radi- 
cal cation to the cis-1,2,4,5-hexatetraene radical cation in A sym- 
metry and for the dissociation into neutral and ionic C,H, 
fragments. 
geometry in the very flat region of the potential energy 
surface close to the cyclic structure 2, where we stopped 
the calculation. This correlated optimization thus con- 
firms the conclusion that the 1,5-hexadiyne radical 
cation is not stable and will isomerize to the 1,2,4,5- 
hexatetraene structure without a barrier. 
The Reaction Path for lsomerization and 
Dissociation in Symmetry A 
As shown in Table 3, the energy of structure la in- 
creases only very slowly for larger C,-C, distances. At 
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Table 3. Calculated energy changes upon increase of the CI-C2 bond length kmgstroms) 
in structure laa 
rl2 ROHF AE MRCI AE 
1.653 - 230.232893 0 - 230.691424 0.0 
T2 
1.8 - 230.231351 
2.0 - 230.229454 
2.2 - 230.226741 
2.4 - 230.222597 
2.6 - 230.217579 
2.7 - 230.214982 
2.8 - 230.212864 
2.9 -230.210771 
3.0 - 230.208873 
3.1 - 230.207182 
3.2 - 230.205834 
3.3 - 230.204912 
3.34 - 230.204703 
4.0 -230.315120b 
6.0 -230.317821’ 
8.0 - 230.205743 
10.0 - 230.199208 
12.0 - 230.198945 
15.0 -230.198751 
1.0 
2.2 
3.9 
6.5 
9.6 
11.2 
12.6 
13.9 
15.1 
16.1 
17.0 
17.6 
17.7 - 230.667875 14.8 
-51.6 
-53.3 
17.0 
21.1 
21.3 
21.4 - 230.632137 37.2 
‘The calculations at the larger distances were performed without symmetry. The energy differences 
art in kilocalories per mole without correction for the zero-point energy. 
The geometry is close to the ground state structure of the cis1,2.4,5-hexatetraene radical cation. 
‘The geometry is close to the ground state structure of the rrensl,2,4,5-hexatetraene radical cation. 
a distance of 2.7 A, the ion geometry became essen- 
tially planar (C,, symmetry). A0 calculation of the force 
constants at a distance of 3.3 A showed one negative 
force constant. The corresponding vibration agreed 
with the expected reaction coordinate for an isomeriza- 
tion to the 1,2,4,5-hexatetraene structure. A subsequent 
transition state optimization produced structure T, 
(Figure 1) and, compared to structure lb, an isomer- 
ization barrier of 0.044223 hartree = 27.8 kcal mol-’ at 
the ROHF level and of 0.030283 hartree = 19.0 kcal 
mol-’ after the MRCI calculation (Table 1). Unfort-u- 
nately, in contrast to the result at 3.3 A, a calculation of 
the force constants for geometry T, showed two nega- 
tive force constants. The vibration corresponding to 
one of these agreed with the expected reaction coordi- 
nate. The other imaginary vibration appeared to be 
antisymmetric. Attempts to obtain an improved struc- 
ture with only one negative force constant, by making 
the ion geometry slightly asymmetric, again resulted 
in an artificial symmetry breaking. Within the present 
ROHF approach it is, therefore, not possible to obtain a 
better value for the isomerization barrier. Because the 
energy of T, is only slightly higher than the value at a 
C,-C, distance of 3.3 A, we conclude that a possible 
error due to the second negative force constant will be 
much smaller than the accuracy of the calculations. 
Within C,, symmetry the transition state T2 corre 
lates with the optimum structure 3c of the A, excited 
state of 1,2,4,5-hexatetraene (Figure 2b). As was found 
for structure 3b in the previous section, a calculation of 
the force constants again showed that this structure 
has the character of a transition state. The vibration 
corresponding to the single negative force constants 
has A, symmetry and lowers the symmetry to C,, 
which means that a further optimization of the A, 
state of 3c will lead to the ground state of the 1,2,4,5- 
hexatetraene radical cation. In the same way the curve 
crossing between T2 and structure 3c will be avoided 
by a symmetry lowering to C, Because the energy in 
the region of the curve crossing is much lower than the 
energy of T2 , we have not studied this in detail. 
At larger C,-C, distances the 1,5-hexadiyne radical 
cation structure has to become asymmetric because of 
a dissociation into linear C,H, radical and ionic frag- 
ments. For % reason, the calculations in Table 3 at 
distances of 4 A and larger yere done without symme- 
try. At distances of 4 and 6 A the optimization leads to 
distorted cis and trans-1,2,4,5-hexatetraene geometries, 
respectively. At larger distances the geometry looks 
like a dissociating l&4,5-hexatetraene radical cation. 
The value at 15 A is taken to be the dissociation 
limit for the formation of linear radical and ionic C,H, 
fragments. It should be noted that this value does not 
correspond to the lowest dissociation pathway of C 6 H 6 
radical cations into C,H, fragments. It is well known 
that, in the latter case, the fragments are the linear 
C,H, radical and the cyclopropenyl cation [l]. In 
agreement with this, ab initio calculations on the neu- 
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Table 4. Calculated energies in hart-ee and energy differences in kilocalories per mole for 
C,H, neutrals and cation&’ 
Structure SCF MRCI ZPE AE Exp. 
Linear - 115.241668 
Cyclic -115.175321 
Linear - 114.956898 
Cyclic - 115.013291 
Neutral 
- 115.647596 0.044208 0.0 82 
- i i 5.583474 0.043897 40.1 105 
Ion 
- 115.352874 0.045671 0.0 282 
- 115.397879 0.048375 - 26.7 257 
‘The energy differences AE are based on the MRCI values corrected for the SCF zero-point energies 
multiplied by a scaling factor of 0.89. The experimental heats of formation (room temperature values) in 
kilocalories per mole are taken from Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin, 
RD.; Mallard, W. G. J. Phys. Chem. Ref. Date 1988, 17, suppl 1. In the MRCI calculations all molecular 
orbitals, except the core orbitals, were included. The results are therefore not directly comparable with 
the values in Table 2. 
tral and ionic fragments (Table 4) give a heat of forma- 
tion of the cyclopropenyl cation 27 kcal mol-’ lower 
than the value for the linear CH,CCH isomer. 
From the results in Table 1, we derive an energy 
difference between the dissociation limit and the 1,5- 
hexadiyne radical cation after vertical ionization of 
0.027567 hartree = 0.8 eV at the ROHF level and of 
0.047538 hartree = 1.3 eV after the MRCI calculation. 
The existence of this additional dissociation channel 
has been suggested before by Baer et al. [14] on the 
basis of their comparison of photoion-photoelectron 
coincidence (PIPECO) measurements on 15-hexadiyne 
and 2,4-hexadiyne. 
Conclusions 
From the results described in the previous sections, we 
arrive at the following conclusions: 
1. 
2. 
3. 
After vertical ionization the lowest state of the 1,5- 
hexadiyne radical cation has symmetry A in C,. 
Optimization at the ROHF level leads to two min- 
ima of different symmetry. Structure lb (symmetry 
B) has a lower energy than structure la of symme- 
try A in C,. 
At the MRCI level the ion geometry of lowest en- 
ergy lb appears to be unstable and to isomerize to 
the 1,2,4,5-hexatetraene structure without a barrier. 
After this isomerization, the internal energy will be 
sufficient for a subsequent rearrangement to the 
benzene structure (see the accompanying article [ 151. 
The results explain the experimental finding of Lif- 
shitz and Ohmichi 131 that the barrier for isomeriza- 
tion of the 15-hexadiyne radical cation to the ben- 
zene structure is at most a few kilocalories per 
mole. 
Structure la may isomerize to the 1,2,4,5-hexa- 
tetraene structure by breaking the central bond and 
recombination of the C,H, fragments. The barrier 
for this process, however, is significantly higher 
than the isomerization pathway in symmetry B. 
Breaking of the central bond, therefore, is not sig- 
nificant for an isomerization of the 15-hexadiyne 
radical cation, but it is important as a possible 
dissociation pathway of C,H, radical cations. This 
latter result is in excellent agreement with the previ- 
ous conclusion from PIPECO experiments [14] that, 
at higher internal energies, the 15-hexadiyne radical 
cation may dissociate to C,H, fragments before 
isomerization. 
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